Introduction
The capability of the mammalian olfactory system to detect a vast array of small volatile compounds is mediated by more than 1000 different isoforms of G-protein-coupled odorant receptors (ORs) (Buck and Axel, 1991) , which are encoded by the largest gene family in vertebrate genomes (Zhang and Firestein, 2002; Young and Trask, 2002; Mombaerts, 2004; Godfrey et al., 2004; Malnic et al., 2004) . Each of the several million olfactory sensory neurons (OSNs) in the nasal neuroepithelium expresses just a single gene from this large repertoire, which renders them selectively responsive to distinct chemical compounds (Malnic et al., 1999; Touhara et al., 1999; Bozza et al., 2002) . From the two alleles that code for each receptor, only one is selected per cell (Chess et al., 1994; Ishii et al., 2001) ; the reason for this monoallelic expression of OR genes is not yet fully understood. Interestingly, OSNs which express a given OR are not randomly dispersed throughout the olfactory epithelium (OE) but restricted to a defined zone. By determining the patterns of a small set of OR genes, the epithelium has originally been divided into three or four separate zones (Vassar et al., 1993; Ressler et al., 1993; Strotmann et al., 1994b) ; more recent data, however, have provided evidence that each OR gene might have a distinctive, subtype-specific zonal pattern (Iwema et al., 2004; Miyamichi et al., 2005) . Remarkably, dependent on the OR they express and their position in the OE, OSNs send their axon to one of two target glomeruli in the olfactory bulb (OB), one positioned in the medial hemisphere in the bulb, the other in the lateral hemisphere (Vassar et al., 1994; Ressler et al., 1994; Mombaerts et al., 1996; Wang et al., 1998; Levai et al., 2003; ; for recent reviews, see Mombaerts (2006) and Strotmann and Breer (2006) .
The regulatory DNA sequences that are required for the singular expression of ORs in a topographical manner are still largely elusive. Previous observations that almost all genes coding for ORs are organized in clusters, rather than being homogeneously dispersed throughout the genome have led to the idea that some aspects of receptor gene expression might derive from transcriptional control at the level of the OR gene cluster. Genes that share the same expression pattern in fact tend to be linked together at the same locus (Malnic et al., 1999; Zhang and Firestein, 2002; Miyamichi et al., 2005) . Furthermore, approaches using transgenic mice have demonstrated that a DNA element located in neighborhood to an OR gene cluster participated in the expression control of the corresponding OR genes (Serizawa et al., 2000; Serizawa et al., 2003) ; due to its homology in mouse and human it was named 'H-region'. Very recent experiments provided evidence that this DNA element might act globally to activate OR gene expression (Lomvardas et al., 2006) . These results supported the concept of a locus dependent regulation of OR gene expression, probably involving a 'locus control region' (LCR) similar to the one found, e.g., close to the beta-globin gene cluster (Grosveld et al., 1987; Forrester et al., 1987) . In contrast to these data, however, other OR genes apparently require only a rather short genomic region surrounding their coding sequence to drive expression in a tissue and cell-specific manner (Qasba and Reed, 1998; Vassalli et al., 2002; Rothman et al., 2005) , favoring the concept that regulatory elements located immediately upstream of the transcription start site (TSS) of each gene are sufficient for a correct expression, independent of the cluster context.
The genes of family mOR262 (mOR37) represent a small group with 12 members in the mouse (Strotmann et al., 1999; Hoppe et al., 2003a, b) . They exhibit an unusual spatial expression pattern in the OE, being expressed exclusively in OSNs that are restricted to a small patch in the center of the turbinates (Strotmann et al., 1992 (Strotmann et al., , 1994a Kubick et al., 1997 ). This pattern is quite different from the standard zonal expression rule. As another unique feature, OSN populations expressing an mOR262 gene do not send their axons to two glomeruli in the OB but only to a single glomerulus . The molecular bases for these characteristics are not known. The observation that all genes encoding the mOR262 receptors are linked together at two clusters on chromosome 4 and each cluster contains only members of this receptor family (Hoppe et al., 2000 (Hoppe et al., , 2003b led to the idea that their affiliation to these loci is required for the unique expression pattern. On the other hand, each individual mOR262 gene possesses a DNA element immediately upstream of its TSS which is characteristic and unique for those genes expressed in the patch (Hoppe et al., 2003b (Hoppe et al., , 2006 , opening the possibility that each one is controlled autonomously, independent from that particular cluster context.
To obtain further insight into the principles and mechanisms underlying the topographically restricted expression of the mOR262 genes, we have employed a transgenic approach using a short genomic fragment comprising only the coding sequence of mOR262-12 (mOR37C; Olfr157) and its proximate non-coding regions, including the conserved 5′-DNA element randomly integrated into the mouse genome. The resulting mouse lines were assessed for the topography of transgene-expressing cells.
Results

Expression of mOR262-12 transgene
The odorant receptor mOR262-12 ('mOR37C'; olfr157 according to the Mouse Genome Informatics nomenclature) is a member of family mOR262; the genes encoding these ORs form two distinct gene clusters on chromosome 4 (Strotmann et al., 1999; Hoppe et al., 2000 Hoppe et al., , 2003a ; mOR262-12 is the central gene in cluster-I, the surrounding genomic DNA thus is completely part of that particular cluster. To build the transgene a 10.5-kb genomic fragment was used (Fig. 1A) , which extends 5,468 basepairs (bp) downstream and 4,134 bp upstream of the coding region of mOR262-12. The construct includes only 358 bp upstream of the transcription start site (TSS); these contain an ∼ 120-bp DNA element (asterisk) which is highly conserved among all OR genes expressed in clustered OSN populations (Fig. 1B) (Hoppe et al., 2006 ). An IRES-taulacZ cassette (Mombaerts et al., 1996) was inserted three nucleotides downstream of the stop codon allowing to visualize the cells which express the transgene. After microinjection of the DNA construct into pronuclei, seven founder mice were obtained that were employed to generate independent lines (1-7).
In order to determine whether the transgene was expressed in the olfactory epithelium (OE), we first performed X-Gal staining of whole-mount nasal preparations. Labeled cells were indeed detectable in the OE in all seven lines; Figs. 1C-E show representative examples. In lines 1-6, the labeled cells were visible only in the central region of endoturbinate II facing the nasal septum. This position resembled the typical clustered pattern of OSNs expressing mOR262-12 from the endogenous genomic locus (Fig. 1F ) . In line 3, only very weak signals were obtained compared to the endogenous gene. Only in one line (7) a different pattern emerged (Fig. 1G) : not only was the number of cells expressing the transgene higher than in the other six lines, in addition cells were not all concentrated in the center of the turbinates but were also visible on adjacent turbinates. However, they were not randomly scattered throughout the epithelium but formed a band along the anterior-posterior axis of the turbinates, excluding the most dorsal and ventral part of the epithelium. This pattern closely resembled the distribution of cells expressing OR genes like, e.g., P2 (Mombaerts et al., 1996) (Fig. 1H) . The staining intensity of cells in line 7 appeared higher than in the other transgenic lines and also the cells expressing the endogenous gene.
Since whole-mount preparations allowed a view only onto the medial side of the turbinates, we next analyzed the distribution of transgene-expressing cells on cross sections. As shown for example by line 1 (Figs. 2A, B) , transgene-expressing cells in lines 1-6 were restricted to the tips of endoturbinates II and III and ectoturbinate 3; this pattern is again reminiscent to OSNs expressing the endogenous gene . In line 7, the cells were more broadly dispersed over several turbinates and the septum, forming a semicircular ring in the two nasal cavities (arrows in Figs. 2C and D) . At higher magnification it became obvious that transgene-expressing cells in all lines were located exclusively in the cellular layer of the OE and displayed the typical morphology of mature OSNs (Figs. 2E and F) . We have previously shown that in mature mice OSNs expressing a particular subtype from the mOR37 subfamily are arranged in a particular layer of the OE . On cross sections, it became obvious that also the cell bodies of the transgene-expressing OSNs were preferentially positioned within a rather apical position of the OE (Figs. 2E and F) . Interestingly, this was also found for those cells in line 7 expressing mOR262-12 in positions outside the typical central cluster (Fig. 2G ).
Tissue specificity of transgene expression
In order to determine the tissue specificity of transgene expression, newborn mice from lines 1, 3, 6 and 7 were examined analyzing serial sections through the entire body (Fig. 2H ). X-Gal staining and careful inspection of all sections for labeled cells throughout all organs revealed that transgene expression occurred exclusively in the OE (Fig. 2I) ; even few cells in the nasal epithelium of line 3 could unequivocally be identified (data not shown), suggesting that no other cell type in the mouse showed a 'leaky' expression of the transgene.
Integration site and copy number of transgenes X-Gal staining revealed that in most of the mouse lines the transgene-expressing cells were distributed like OSNs expressing the endogenous mOR262-12 gene. Only in line 7 a slightly aberrant distribution pattern was observed. This raised the question whether in most cases the transgenic construct might have been inserted into the original gene cluster on chromosome 4 close to the endogenous expression control elements, whereas only in line 7 an integration into a novel genomic position might have occurred. To approach this question, FISH analyses on metaphase chromosomes were performed for lines 1, 3, 6 and 7, respectively. Double-FISH staining using a probe against BAC #422 M18 which spans a DNA segment adjacent to the mOR262 gene cluster (Strotmann et al., 1999) and a probe detecting the lacZ-part of the transgene revealed that in none of these lines the transgene had integrated on chromosome 4 (data not shown). Using this technique, only one integration site for the transgene was observed in each line.
For six lines, the distribution pattern of OSNs expressing the transgene thus very much resembled the endogenous counterpart; however, the number of cells was lower (Figs. 1C-E) (see also Table 1 ). In addition, significant differences in cell number were observed between the lines. The lowest number of cells was found in line 3, significantly higher numbers in lines 6 and 1; a remarkably high number of transgene-expressing cells was found in line 7. We next analyzed whether this difference in cell number might be due to different copy numbers of the transgene in the various mouse lines. Southern blots of genomic DNA probed with a lac-Z-specific probe indeed revealed significant differences in the intensity of the reactive bands (data not shown) indicating a considerable difference in transgene copy numbers. To obtain a more quantitative estimate of this observation, real-time PCR experiments were performed. This approach revealed the highest number of transgene copies for line 1 (approximately 370) (Table 1) , whereas line 6 contained the lowest copy number (2-3). Line 3 which showed the lowest number of transgene-expressing cells contained approximately 20 copies. Thus, there was no correlation between the number of transgene copies and number of X-Gal stained cells.
Mutually exclusive and monoallelic expression of the OR262-12 transgene
In order to determine whether the transgene and the endogenous gene were expressed in a mutually exclusive manner, transgenic lines were crossed with mouse line mOR37C-GFP in which the endogenous mOR262-12 gene is targeted by an IRES tau-GFP insertion such that cells which select this gene become green fluorescent . Inspection of large numbers (N 200 in each line) of fluorescent OSNs in double-transgenic mice identified only cells with a single label (Figs. 3A and B) , indicating that the endogenous gene and the transgene were stringently expressed in mutually exclusive subsets of OSNs. By counting transgene-expressing OSNs visible on the medial aspect of endoturbinate II in whole-mount specimen, it turned out that in hemizygous individuals (Figs. 3C and D) only half as many labeled cells were visible as in homozygous animals (Figs. 3E and F) (see also Table 1 ); this is consistent with the idea that the transgenic alleles -like their endogenous counterparts Vassalli et al., 2002 ) -were monoallelically expressed.
Projection of transgene-expressing OSNs to the olfactory bulb
We next analyzed the projection of transgene-expressing cells in these lines by whole-mount X-Gal staining of the OB; axons became visible only after the bulb was carefully removed from the cranial cavity (Figs. 4A-C). Stained fibers were then visualized on the anterior ventral surface which was closely attached to the cribriform plate. Axons converged onto a single position in the ventral domain of the OB which is reminiscent to OSNs expressing the endogenous gene (Fig. 4D) . In OBs from line 3 (Fig. 4B ) only faint staining was observed, consistent with the few OSNs expressing the transgene (see Fig. 2B ). Our whole-mount analyses thus suggested that the transgene-expressing OSNs in lines 1-6 project to individual glomeruli, like their endogenous counterparts. This raised the question whether all the axons from OSNs expressing the endogenous gene and those expressing the transgene co-converged onto the same glomerulus. To address this question, double transgenic mice hemizygous for the lacZtransgene and heterozygous for the GFP allele of the endogenous gene were analyzed. Serial sections through the OB were probed with anti-beta-galactosidase antibodies to visualize the axons of transgene-expressing OSNs and anti-GFP antibodies for OSNs expressing the endogenous gene. In the majority of bulbs from line 1 the axons of OSNs expressing the transgene and the endogenous mOR262-12 indeed co-converged (Figs. 5A-J); however, two patterns could be distinguished. The axons of transgene-expressing OSNs (red) either intermingled diffusely (50%, n = 14) (Figs. 5A-C) with those expressing the endogenous gene, or a fraction of axons from transgene-expressing OSNs formed an adjacent glomerulus (Figs. 5D-F) . In a few bulbs they formed a single glomerular structure which was split into a dense and less dense subcompartment (Figs. 5G-J) . The projection pattern of transgene-expressing OSNs in line 3 and line 6 followed very similar overall principles (Figs. 5K-P). In general, the axons of OSNs expressing the transgene or expressing the endogenous gene co-converged and their axons mixed within a glomerulus. Subcompartmentalized glomeruli as seen in line 1 were not observed in lines 3 and 6. In rare cases, transgene-expressing OSNs did not co-converge with axons from endogenous OSNs.
Effect of an ectopic mOR262-12 expression on the projection
The fact that in line 7 the transgene-expressing OSNs were much more numerous than in other lines and that they were positioned outside the typical patch area raised the question about their projection. Of particular interest was the projection of OSNs which ectopically express mOR262-12; in view of the question of how much the axon targeting is affected by the position of cells versus the receptor-type they express. Whole-mount preparations allowing a view onto the medial aspect of the OB (Fig. 6A ) revealed blue staining close to the cribriform plate; the remaining medial surface of the bulb was devoid of staining. A view onto the ventral domain revealed thick fiber bundles which converged at several positions; the number of convergence sites ranged between 4 and 6 in each OB (Figs. 6B, C) . Thus, although the transgeneexpressing OSNs were widely distributed throughout the medial zone of the epithelium, their axons nevertheless all converged in the ventral domain of the OB. It could not be resolved whether these labeled structures indeed represented individual glomeruli. We next analyzed whether these axons co-converged with those from OSNs expressing the endogenous gene. On cross sections through the OB of double mutant mice the glomeruli formed by fibers from the endogenous OSNs also contained fibers from transgene-expressing cells, indicating that these two populations co-converged (Figs. 6D-F) . The glomeruli formed by these axons were larger than the glomeruli normally formed by the endogenous OSNs. As also seen in the whole-mount specimen, additional glomeruli were present; these were formed by axons from the In order to analyze whether the axons from transgene-expressing OSNs in line 7 mistarget to glomeruli which express related ORs, double mutant mice hemizygous for the transgene and heterozygous for the GFP allele of mOR262-14 (mOR37A; olfr155) were analyzed. Although the axons of transgeneexpressing cells targeted glomeruli in immediate neighborhood of mOR262-14-expressing cells (Figs. 6N, O) , these two axon populations were clearly segregated from each other; no axons from the transgene-expressing OSNs were found in the wrong glomerulus. Together, the analyses demonstrated that the expression of mOR262-12 in many cells of line 7 mice led to the formation of a few extra glomeruli which were positioned in the ventral domain of the OB, despite the fact that many of the neurons were ectopically located throughout the anterior-posterior extension of the epithelium.
Discussion
In the present study, we have demonstrated that a short transgenic construct spanning less than 10 kb of genomic DNA surrounding the coding region of the OR gene mOR262-12 (mOR37C; Olfr157) was sufficient to specifically drive its expression in distinct populations of OSNs segregated in the central patch of the turbinates. Thus, the unique spatial segregation of the OSNs expressing genes of the mOR262 family was largely reproduced. Moreover, the cells expressed the transgene in a mutually exclusive and monoallelic fashion as previously shown for the endogenous mOR262 genes . These results are also in line with the findings obtained when transgenes of OR genes, which are expressed in a zonal pattern were studied (Qasba and Reed, 1998; Vassalli et al., 2002; Lewcock and Reed, 2004; Rothman et al., 2005) . All these results support the concept that OR genes are very compact units. Their compactness has been considered as an important feature for facilitating the extraordinary expansion of the mammalian OR gene repertoire (Zhang and Firestein, 2002) . The mOR262-12 transgene construct employed in this study comprised only 358 bp upstream of the transcription start; this stretch of DNA contained the sequence motifs which are highly conserved in the upstream region of those OR genes which are expressed in the clustered pattern (Hoppe et al., 2000 (Hoppe et al., , 2006 . Our previous studies using bioinformatic tools revealed that these motifs form a unique array in the mOR262 gene promoters; they were found to be associated with binding sites for homeodomain transcription factors and O/E binding sites which were also found in large variety of other OR gene promoters (Vassalli et al., 2002; Rothman et al., 2005; Michaloski et al., 2006) . From these findings, it was concluded that a particular combination of such DNA motifs is involved in regulating the spatial organization of OR gene expression. The result that in almost all generated mouse lines the transgene was expressed only in such OSNs that were segregated in the characteristic clustered pattern exclusively in the central patch of the turbinates strongly suggests that the upstream motifs contain the relevant information to mediate this unique expression pattern. This result confirms and extends our previous notion that the promotor region of OR genes expressed in a defined topographic manner contains distinct sequence motifs (Hoppe et al., 2006) . In fact, studying a transgene of the OR gene M71, which is expressed in the dorsal zone of the epithelium, revealed that upstream elements within a DNA stretch of a few hundred basepairs are capable to recapitulate the zonal expression pattern of M71 (Rothman et al., 2005) . Furthermore, mutations within the promotor region of M71 strongly affected the spatial localization of OSNs expressing this OR gene. Altogether, the current data indicate that short proximal promotor elements of OR genes seem to govern their expression, although at this point it cannot completely be ruled out that other DNA motifs in the transgenic construct may also contribute to the control of expression. However, in this context it is interesting to note that so far no evidence was found that the intron sequences may have any essential information for this aspect (Vassalli et al., 2002) .
The results obtained for the mOR262-12 transgene indicate that the control elements can act autonomously, i.e., outside the original gene cluster, which implies that no locus control element in cis is required. Thus, the spatial expression pattern of OR genes seems to be regulated proximally. This concept is consistent with very recent data which indicate that the choice of a single OR gene by an OSN is mediated by a mechanism that requires an association of the OR gene promotor with a DNA element located in trans, which seems to exist as a singly copy in the genome (Lomvardas et al., 2006) ; such a principle would indeed make the choice of an OR gene largely independent from its location in the genome.
In spite of their relative autonomy, under certain conditions even the compact OR genes seem to be quite sensitive to the genomic region where a transgene is integrated. Most obvious is the different number of transgene-expressing cells in the various mouse lines (Fig. 1) ; such a phenomenon has also been described for MOR23 and M71 (Vassalli et al., 2002; Rothman et al., 2005) . The observation that also the staining intensity of transgeneexpressing cells was different in the various lines indicates that the transgene integration in different genomic loci affects the level of transgene expression in a given cell. For line 7, in addition to the cluster, ectopically positioned cells expressing the transgene were found; interestingly, however, even in this case the cells were not randomly distributed throughout the epithelium but segregated in the medial zone, typical for other OR-types, like, e.g., P2. The basis for this phenomenon is unclear; however, it seems conceivable that the transgene was integrated in the vicinity of an OR gene cluster which exerts a significant influence on the transgene. Similar phenomena have been observed in previous studies. It was found that a transgene of OMP which was integrated within an OR gene cluster was not expressed in all mature OSNs but rather in a spatial pattern typical for the OR genes of that cluster (Pyrski et al., 2001) . Furthermore, mutations in the promotor region of the endogenous M71 gene had less severe effects on the expression pattern than the same mutation in the promotor region of a transgene (Rothman et al., 2005) . Both observations have led to the conclusion that within certain gene clusters control elements exist, which are capable to affect promotors in their proximity.
In all mouse lines, enough cells expressed the mOR262-12 transgene to trace their axonal projection into the olfactory bulb (OB). It was found that in all cases the axons converged onto defined glomeruli. Based on the concept that only OSNs expressing the same OR gene send their axons onto common glomeruli (Mombaerts et al., 1996; Wang et al., 1998) , this result strongly suggests that the respective OSNs express only mOR262-12. Moreover, it was found that only one of the two alleles from the transgene was chosen by an individual cell (Fig. 3) , indicating that the transgene contained all the necessary information to ensure a monoallelic expression of a receptor and suggests that the feedback mechanisms which insure that expression of only one OR gene is maintained in a given cell (Serizawa et al., 2003; Lewcock and Reed, 2004; Shykind et al., 2004) can act on the transgene.
In most of the lines, all OSNs expressing the mOR262-12 transgene were clustered within a path of the epithelium, like their endogenous counterparts and the axons of both populations coconverged, as expected for OSNs expressing the same OR gene. However, in some of the lines the degree of co-convergence was not as perfect as seen for the two OSNs populations expressing one of the two wild-type alleles . This is consistent with the current model that not only the type of OR, but also the level of OR-protein may be a critical determinant for guiding the axon to the specific target in the OB Imai et al., 2006) . It is quite possible that the level of expression from the transgenic locus may not precisely match the wild-type locus and therefore the axons might be slightly mistargeted.
A more pronounced difference of projection from OSNs expressing the mOR262-12 transgene was seen in line 7, in which about 4-6 glomeruli were targeted by these axons (Fig. 6 ). This projection pattern correlated with the dispersed distribution of the corresponding OSNs and implies that those OSNs which were ectopically positioned in the olfactory epithelium form novel glomeruli. Recent studies have demonstrated that in addition to the OR expressed by a given OSNs, also the position of the respective OSNs in the epithelium is a critical determinant of the projection pattern (Levai et al., 2003; Miyamichi et al., 2005) . It has been discussed that this may be due to a differential distribution of guidance molecules that act in concert with the OR in the targeting process. The additional glomeruli formed by the axons of transgene-expressing cells were located on the ventral side of the bulb, rather close to the original site. Interestingly, they sometimes contained also fibers from OSNs expressing the endogenous gene, an observation that has previously also been made for ectopically positioned MOR23 glomeruli (Vassalli et al., 2002) . The phenomenon that axons from OSNs expressing the endogenous gene are re-routed to those novel positions has been viewed in favor of the idea that the receptor protein itself, which is present in the axonal processes Barnea et al., 2004; Strotmann et al., 2004) , may via homophilic interactions mediate the coalescence of these axonal processes into the same glomerulus ).
The results demonstrate that the unique expression pattern of the mOR262 gene exclusively in OSNs segregated in a small area of the central turbinate is recapitulated by the short transgene. This finding confirms the concept that most of the control elements governing the restricted topographic expression of this gene are located in a rather short stretch of DNA just upstream of the transcription start site. If the conserved upstream motifs (Hoppe et al., 2006) are immediately involved in these regulatory processes is due to further investigation.
Experimental methods
Plasmid construct
A 10,575-bp genomic fragment containing the mOR262-12 coding region was generated by ligating a 785-bp segment (Fig. 1A) upstream from the SpeI site to the SpeI-EcoRI fragment previously used for homologous recombination . A PmeI site was generated at the 5′-end of the construct for isolation. An IRES-tau-lacZ cassette (Mombaerts et al., 1996) without 'neo' was inserted into the PacI site three nucleotides downstream of the stop codon of mOR262-12.
Generation of transgenic mice
The purified PmeI fragment was microinjected into the pronuclei of fertilized mouse eggs, followed by transplantation into C57Bl6/J mice using standard procedures (Agrobiogen, Hilgertshausen, Germany). Animals were kept at the University of Hohenheim transgenic core facility; housing conditions fulfill the animal welfare guidelines. Mice were genotyped by PCR using primers 5′-GCAGCAGTTTTTCCAGTTCCGT-3′ and 5′-TC-GCTCGCCACTTCAACATCAA-3′ positioned within the lacZ gene to generate a 728-bp fragment. PCRs were carried out using 'MasterTaq' (Eppendorf, Hamburg, Germany) with 94°C for 4 min followed by 35 cycles 94°C (30 s), 65°C (30 s), 72°C (45 s) followed by one cycle at 72°C (8 min).
Real-time PCR
The number of transgene copies integrated into the genome was determined by real-time PCR. For this purpose, the primer pairs RT-LacZ (5′-GCAGCAGTTTTTCCAGTTCC-3′; 5′-ACATCCAGAGGCACTT-CACC-3′) and RT-GFP (5′-AGCAGAAGAACGGCATCAAG-3′; 5′-CTGGGTGCTCAGGTAGTGGT-3′) were employed which amplified fragments from the coding region of the lacZ and GFP gene, respectively. Using these primers under the same conditions (1 cycle: 94°C for 4 min; 30 cycles: 94°C for 30 s, 57.8°C for 30 s and 72°C for 30 s; 1 cycle, 72°C for 8 min) on genomic DNA from tail biopsies of double mutant mice carrying an mOR262-12-IRES-tau-GFP allele and an mOR262-12-IREStau-lacZ allele revealed the same efficiency of both PCR-reactions. For determining the transgene copy number, double mutant mice hemizygous for the transgene and heterozygous for the mOR262-12-IRES-tau-GFP allele were used; genomic DNA from tail biopsies were used as template. All reactions were run on an 'ABI Prism 7000' (Applied Biosystems, Weiterstadt, Germany) using the SYBRGreen PCR-kit according to the manufacturer's specifications (Qiagen, Hilden, Germany).
Fluorescence in situ hybridization (FISH) on metaphase chromosomes
Metaphase chromosomes were prepared from mouse livers at embryonic stage 13 (E13) as described at the 'Cytogenetic Models Resource', The Jackson Laboratories (http://www.jax.org/cyto/5day_preps.html). Prior to hybridization, chromosomes were treated for 3 min at 94°C in 100% ethanol, denatured by incubation with 0.07 M NaOH for 3 min at room temperature and then passed through a series of ethanol (70%, 90% and 100%), each for 5 min at room temperature. For the detection of the transgene, a 1.2-kb fragment from the coding region of LacZ was biotin-labeled by PCR using the primers 5′-GCAGCAGTTTTTCCAGTTCCGT-3′ and 5′-AGATGGC-GATGGCTGGTTTC-3′ and biotin-11-dUTP. For the identification of mouse chromosome 4, BAC clone #422 M18 which spans a DNA segment adjacent to the mOR262 gene cluster (Strotmann et al., 1999) was used as template for the generation of a digoxigenin-(DIG)-labeled probe by random primed labeling (Sambrook et al., 1989) . For double-FISH, 5 ng of biotin-labeled and 10 ng of DIG-labeled probes were mixed with 500 ng of Cot-1 genomic DNA in 10 μl hybridization buffer containing 50% formamide, 10% dextran sulfate and 2 × SSC. After denaturation at 80°C for 10 min the mixture was immediately chilled on ice, added to the slide, covered with a coverslip and sealed with rubber cement. After hybridization overnight at 60°C, the coverslip was removed and the slides washed with 2× SSC at 68°C 3 times for 10 min. The DIG-labeled probe was detected with an alkaline phosphatase (AP)-coupled anti-DIG antibody (Roche, Mannheim, Germany) and 2-hydroxy-3-naphtoic acid-2′-phenylanilide phosphate (HNPP, Roche) as substrate; the biotin-labeled probe was detected with horseradish peroxidase (HRP)-coupled streptavidin and HNPPD (Roche; 1:100 in DAP-buffer, pH 8.0) and the Tyramide Signal Amplification (TSA) kit (Perkin Elmer, MA, USA). Chromosomes were mounted in Vectashield (Vector Laboratories, Burlingame, CA) containing DAPI.
X-Gal staining
Mice were deeply anesthetized by CO 2 and sacrificed by decapitation. For whole-mount staining, the specimen were immersion-fixed for 30 min on ice with 4% paraformaldehyde (in 100 mM phosphate buffer pH 7.4, 2 mM MgSO 4, 5 mM EGTA) and stained as follows: washed with buffer A (100 mM phosphate buffer pH 7.4, 1 mM MgCl 2 and 5 mM EGTA) once for 5 min and once for 25 min at room temperature; followed by two incubations for 5 min at room temperature in buffer B (100 mM phosphate buffer pH 7.4, 1 mM MgCl 2 , 0.01% sodium deoxycholate and 0.02% Nonidet P40). The blue precipitate was generated by exposure in the dark at 37°C to buffer C (buffer B with 5 mM potassium-ferricyanide, 5 mM potassium-ferrocyanide and 1 mg/ml of X-Gal). To allow for comparison of staining intensity, all specimen were incubated for a period of 1 h. For sections, the tissues were fixed by immersion in 4% paraformaldehyde in PBS at 4°C for 2 h followed by incubation in 25% sucrose overnight, embedding in 'Tissue Freezing Medium' and freezing on dry ice. Twelve micrometer sections were generated using a Jung CM3050S cryostat (Leica). Sections were incubated for 5 min in buffer A, 5 min in buffer B followed by buffer C.
Immunohistochemistry
For immunohistochemistry, tissues were fixed by immersion in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4°C for 2 h, followed by incubation in 25% sucrose overnight, embedding in 'Tissue Freezing Medium' and freezing on dry ice. Cryostat sections (12 μm) were air dried for 2 h and rinsed for 10 min at room temperature in PBS containing 0.3% Triton-X100/10% normal goat serum (NGS). Sections were incubated overnight at 4°C with a mouse anti-beta-galactosidase antibody (Promega) diluted 1:500 and a rabbit-anti-GFP antiserum (Molecular Probes) diluted 1:1000 in PBS/0.3% Tween20. After three rinses for 5 min in PBS, the bound primary antibodies were visualized using goat anti-rabbit-Alexa488 and goat anti-mouse Alexa568-conjugated secondary antibodies (Molecular Probes) diluted 1:500 in PBS/0.3% Tween20 for 2 h at room temperature. After rinsing three times (5 min each) with PBS, sections were mounted in Vectashield mounting media and coverslipped for microscopic analysis. No staining was seen when the primary antibodies were used to stain tissue from wild-type animals. 
Cell counts
Transgene-expressing cells were counted according to Ebrahimi and Chess (2000) on X-Gal stained whole-mount preparations of nasal cavities. The labeled cells on the medial part of the turbinates exposed towards the nasal septum were counted under a Zeiss Stemi 2000-C stereomicroscope.
Microscopy and photography
Sections and chromosomes were analyzed using a Zeiss Axiophot microscope and images were captured using a 'SensiCam' CCD-camera (PCO-imaging, Kelheim, Germany) or an SV MICRO sound vision camera or a Zeiss LSM 510 META confocal microscope. Whole-mount specimen were examined and photographed using a Zeiss Stemi 2000-C stereomicroscope. Pictures were adjusted for contrast and brightness using Adobe Photoshop 7.0 (Adobe Systems Inc., Saggart, Ireland).
